Abstract-The diverse transmit power levels of base stations (BSs) in a multitier cellular network, on the one hand, lead to an uneven distribution of traffic loads among different BSs when received signal power (RSP)-based user association is used. This causes underutilization of resources at low-power BSs. On the other hand, strong interference from high-power BSs affects downlink transmissions to the users associated with low-power BSs. In this context, this paper proposes a channel-access-aware (CAA) user association scheme that can simultaneously enhance the spectral efficiency (SE) of downlink transmission and achieve traffic load balancing among different BSs. The CAA scheme is a network-assisted user association scheme that requires traffic load information from different BSs, in addition to channel quality indicators. We develop a tractable mathematical model to derive the SE of the network and the SE of downlink transmission to a user who associates with a BS using the proposed CAA scheme considering almost blank subframe ( Index Terms-Almost blank subframe (ABS), channel access probability, downlink user association, interference coordination, interference statistics, spectral efficiency (SE), two-tier cellular network, universal channel reuse.
I. INTRODUCTION
T HE deployment of low-power small cells, such as femtocells and picocells, over existing macrocell networks is considered as a potential solution to boost the spectral efficiency (SE) performance (in bits per second per hertz) of next-generation cellular networks [1] . Such cellular networks commonly referred to as heterogeneous or multitier networks. The heterogeneity among different base stations (BSs) is due to their varying coverage areas, diverse traffic loads, different transmission power limits, capital and operational expenditures [2] , etc. The diversity among different BSs breeds several new challenges that may significantly impact the SE performance. For instance, due to diverse transmit power levels of different BSs, most users prefer to associate with high-power BSs with the conventional received signal power (RSP)-based association scheme. This results in the uneven distribution of traffic loads among different BSs and, in turn, underutilization of resources at low-power BSs [3] .
To tackle the traffic load balancing problem, biased RSP (BRSP)-based association [also known as cell range expansion (CRE)] is considered as a potential solution technique [4] - [6] . In such a scheme, an arbitrary bias is added to the RSP from low-power small-cell BSs (SBSs), which helps in offloading more users from macro BSs (MBSs) to SBSs. Nevertheless, the SE of transmission to such users who associate with low-power BSs is affected by strong interference from the MBSs. As such, interference coordination becomes mandatory to protect the offloaded users from strong cross-tier interferences. In this regard, almost blank subframe (ABS)-based interference coordination [also known as enhanced intercell interference coordination (eICIC)] [7] at MBSs is a recommended technique.
A. Related Work
A number of works investigate the problem of joint user association, interference coordination, and/or traffic load balancing [4] , [6] , [8] , [9] . CRE with fixed bias is considered in [4] and [6] for traffic load balancing. An optimal proportion of ABS frames is derived by solving a network-wide utility maximization problem [4] and a sum-rate utility maximization problem considering full-buffer and non-full-buffer traffic types [6] . Another interesting work to achieve traffic load balancing is [8] , where centralized and distributed user association schemes are proposed. The centralized algorithms repetitively execute to adapt to the network variations. To cope with this issue, low-complexity signal-to-interference-plus-noise ratio (SINR) bias and rate bias-based association criteria are recommended. The SINR bias is obtained by a brute-force search, and the best rate bias is the optimal BS price determined by the BS load.
Both best SINR bias and rate bias are evaluated to be the same for all BSs in a specific tier, which may not be true in practice.
In [9] , the framework in [8] is extended to consider interference coordination. The long-term network-wide utility is maximized to find the optimal user association and proportion of blank resources. The scheme is centralized and maximizes the utility of all BSs and all users in the network.
Other research works focus on developing tractable stochastic geometry models to characterize the performance of CRE with fixed arbitrary bias either without interference coordination [10] , [11] or with interference coordination [12] - [17] . In [10] and [11] , the performance of CRE is analyzed by deriving outage probability expressions for users. The SE performance for the offloaded users is analyzed in [12] , considering an ABS at the MBS assuming that the distances between different users and their nearest BSs are independent. This assumption is relaxed in [13] . The outage probability and SE performances for the tagged link are analyzed in [14] , considering CRE, an ABS at the MBS, and a distributed antenna system. In [15] , the success probability of a victim user (macro user in a macro/femto scenario and pico user in a macro/pico scenario) is derived. Then, the number of ABS frames is optimized to maximize the average throughput of the victim user under a minimum-throughput constraint. In [17] , the SE performance of a given user is analyzed by taking into consideration both CRE and ABS at the MBS.
Most of the aforementioned optimized cell association schemes exploit significant knowledge of network information and, thus, are nonscalable. On the other hand, the analytical studies mainly characterize the network performance in an average sense and focus on BRSP-based association that selects a static arbitrary bias for all BSs of a specific tier. Although BRSP-based association is simple, an optimal bias needs to be calculated for different network scenarios. Note that the "optimum" bias is typically obtained per tier and is not unique for each BS of a given tier [8] . This bias can actually be quite sensitive to the spatiotemporal distribution of users in the network [18] , i.e., the traffic load may significantly differ among various BSs of a specific tier. This traffic load imbalance, if not taken into account, can deteriorate the SE performance of an offloaded user (e.g., due to channel unavailability as well as strong interference from high-power or nearby BSs and poor link quality) as is also highlighted in [18] . Thus, there is a need to develop low-complexity user association schemes that can adopt a per-BS bias value and enhance the SE performance in the system by exploiting traffic load information in the different BSs (in different tiers as well as different BSs in a specific tier), in addition to the link quality information. Moreover, the performances of such schemes need to be characterized in the presence of interference coordination schemes.
B. Contributions
In our previous work [19] , we proposed a channel-accessaware (CAA) user association scheme and presented a brief mathematical model to analyze its usefulness in Rayleigh fading environment. In CAA-based association, a user estimates its channel access probability (i.e., the probability that a channel will be available for this user) from different BSs and associates with a BS that maximizes the product of channel access probability and RSP from the BS. The CAA scheme exhibits the following features: 1) The channel access probability serves as a dynamic bias toward a given BS, regardless of which tier it belongs to. This is different from the conventional BRSP, in which a higher bias is given to low-power BSs. 2) Since the channel access probability reduces with increasing traffic load of a BS, a user may not select a congested BS despite its high RSP. 3) For a large number of incoming users, the CAA scheme balances the traffic load among different BSs. 4) The CAA scheme reduces to RSP-based association if channel access probabilities from all BSs are similar, and it reduces to traffic load-based association if the RSPs from different BSs are alike.
Nonetheless, the performance of CAA-based association is vulnerable to interference as a user can associate to a distant BS with high channel access probability. As such, in this paper, we introduce a comprehensive mathematical framework to analyze the performance of the CAA scheme with ABS-based interference coordination at MBSs. The proposed framework is generalized to do the following.
1) Characterize the SE of downlink transmission to a user
with CAA-based user association with and without interference coordination at the MBS. 2) Characterize the network-wide SE of downlink transmission. 3) Consider a more general channel fading model, namely, the generalized-K composite fading, which is approximated with Gamma fading channels for tractable analysis. 4) Model the individual traffic load distributions per SBS as well as MBS. In this paper, we consider Poisson traffic load distribution per SBS and MBS. Note that this setup corresponds to clustered Poisson point processes that are difficult to analyze with the stochastic-geometry-based approaches.
Numerical results are presented to compare the performance of RSP, BRSP, and CAA-based user association schemes and analyze their feasibility in different scenarios. The performance gains of BRSP compared with those of RSP are highly dependent on the bias values, and selection of optimal bias is extremely important to achieve useful gains. Nevertheless, even with the optimal-bias selection, the CAA scheme is shown to outperform the BRSP scheme. This fact highlights the importance of adopting per-BS biasing rather than per-tier biasing as well as per-tier and per-BS traffic load modeling. Finally, insights are extracted, which are related to selecting the proportion of ABS as a function of traffic load intensities at MBS and SBSs.
C. Paper Organization and Notations
The rest of this paper is organized as follows. Section II describes the system model. In Section III, we derive the association probabilities. In Section IV, we derive the statistics of TABLE I  SUMMARY OF THE MAIN VARIABLES AND THEIR DEFINITIONS received signal and interference power levels at a user who is associated with a BS using the CAA scheme. The SE of downlink transmission to a user who is associated with a BS using the CAA scheme is derived in Section V. Network-wide SE is then derived in Section VI. Finally, results and conclusions are presented in Sections VII and VIII, respectively.
Notation: Gamma(κ (·) , Θ (·) ) represents a Gamma distribution with shape parameter κ and scale parameter Θ, and (·) displays the name of the random variable (RV). 
denotes Gauss' hypergeometric function. Pr(A) denotes the probability of event A. f (·), F (·), and M(·) denote the probability density function (pdf), the cumulative distribution function (cdf), and the moment-generating function (mgf), respectively. E[·] denotes the expectation operator. A list of the main notations and their definitions is given in Table I .
II. SYSTEM MODEL AND ASSUMPTIONS

A. Network Model
We consider a downlink network of M circular macrocells. Each macrocell m has a coverage radius of R m and number of users U m . The macrocells are overlaid with S randomly deployed small cells. A given small cell s has radius R s and number of users U s . The Poisson distribution is a commonly used distribution to model the traffic load (arrival of number of users) or calls per unit time at a given BS of the cellular network [19] , [21] - [23] . It has been empirically found that the stochastic user arrival processes can be well approximated by a Poisson process and that the length of each transmission/call can be modeled as an exponential distribution. For an event that occurs at a time interval with an exponential distribution, the rate of occurrence of the event is Poisson distributed. Hence, the numbers of users U m in a macrocell and U s in a small cell are considered as Poisson distributed RVs with intensities λ m and λ s , respectively. The distribution of U m and U s , respectively, can, therefore, be given as
Each MBS or SBS selects a user on a given transmission channel considering a roundrobin scheduling scheme. The small cells are assumed to operate in the open-access mode. Both MBSs and SBSs possess an initial traffic load, i.e., U m and U s users are already associated with MBS m and SBS s, respectively. Once a new user (NU) arrives within the macrocell region, it associates with either an SBS within a given circular region 1 of radius T around it or its nearest MBS depending on the association criterion. The number of SBSs Q, which fall within distance T , is random and follows a binomial distribution, which we will derive in Section III. Nevertheless, for analytical tractability, we approximate the number of SBSs within distance T by its average, i.e., E[Q] = S. Note that this approximation is not a limitation, and the framework can be extended to consider the exact distribution of Q in a straightforward manner.
We consider that both the macrotier and the small-cell tier use the same radio spectrum; however, the interference coordination at MBSs is exercised to control macrotier interference.
All MBSs mute their transmissions in a synchronous manner for a given proportion ρ m of time instants, i.e., each MBS operates in either ABS or non-ABS (NABS) mode. In the ABS mode, all MBSs mute their transmissions so that the NU can only associate with S SBSs. The associated MUs will remain in the coverage hole (outage) and are not assumed to change their associations in the ABS mode. In the NABS mode, all MBSs operate normally. Note that it is only the incoming NU that decides whether to associate with the MBS or SBS, depending on the association criterion.
B. Channel Model
The RSP at the NU on a given transmission channel from the MBS is defined as follows:
where β is the path-loss exponent, r m is the distance of the NU from MBS m, P m denotes the transmit power of the mth MBS per channel, and χ m represents the composite shadowing and fading channel and χ m = ξ m ς m . ξ m represents the shadowing part, and ς m represents the fading part of the composite shadowing and fading channel. The RSP at the NU from any neighboring MBS is given as
where r l denotes the distance of the NU in the reference MBS from the neighboring MBS l located at distance D l from the reference MBS, P l denotes the transmit power of the lth MBS per transmission channel, and χ l represents the composite shadowing and fading channel power gain and χ l = ξ l ς l . ξ l represents the shadowing part, and ς l represents the fading part of the composite shadowing and fading channel. Similarly, the RSP at the NU from SBS s is given as follows:
where P s represents the transmit power of SBS s,r s denotes the distance between the NU and SBS s, and ζ s represents the composite shadowing and fading channel and ζ s = ξ s ς s . ξ s represents the shadowing part, and ς s represents the fading part of the composite shadowing and fading channel. Generally, composite fading distributions can be used to jointly model the shadowing and fading channels. Nakagami-m is a generic fading distribution that involves Rayleigh distribution for m = 1 (typically used for non-line-of-sight conditions) and can well approximate the Ricean fading distribution for 1 ≤ m ≤ ∞ (typically used for strong line-of-sight conditions). Shadowing is modeled by the lognormal distribution; nevertheless, due to the lack of closed-form expressions, lognormal-based composite fading models complicate the analysis. Recently, the generalized-K distribution has been proposed, wherein Gamma distribution [24] , [25] is used to model the shadowing, as well as fading channels. Since the pdf, the cdf, and the mgf of the generalized-K distribution involves computationally intensive special functions, the distribution is approximated with a more tractable Gamma distribution using the moment-matching method, i.e., K G (m c , m s , Ω) ≈ Gamma(κ, Θ) [25] . By matching the first and second moments of the two distributions, the corresponding values of κ and Θ can be given as [25] 
where is an adjustment parameter. Thus, ζ and χ will be considered as Gamma RVs in this paper.
C. CAA User Association
The CAA user association is a generalized scheme that considers both the channel access probability (i.e., the probability of obtaining a channel for transmission from a BS) as well as the RSP from different BSs as the association metric. Given that the roundrobin scheduling 2 is used at each BS, the channel access probability of the NU with MBS m is p access m = 1/(U m + 1), and that with SBS s is p access s = 1/(U s + 1). The association criterion can then be written as follows:
where the hybrid association metric for a given MBS (h m ) and SBS (h s ) is defined, respectively, as follows:
where ξ m and ξ s represent the shadowing 3 parts of the composite fading channel gains χ m and ζ s , respectively. For comparison purposes, we consider the following user association schemes.
1) Conventional-RSP-Based Association:
In this case, the NU utilizes the RSP from all SBSs within distance T as well as its nearest MBS to select the best BS, i.e.,
2) Conventional-BRSP-Based Association: In this case, an arbitrary bias value b is assigned to all SBSs. The NU utilizes the BRSP from all SBSs within distance T and the received power from the nearest MBS to select the best BS, i.e.,
For clear exposition, consider a scenario where the NU is near to the MBS, the NU association decision will vary for different association schemes as follows.
• RSP: The NU will likely associate with an MBS due to high transmit power.
• BRSP: For reasonably high values of bias, the NU will select the SBSs.
• CAA: Depending on the existing load at the MBS, the NU can choose to associate between MBS and SBSs.
D. Analytical Approach: Evaluation of SE
We outline the methodology to evaluate the SE of downlink transmission to the NU, a given MU, a given SU, and the network SE in the following.
• Derive the average number of SBSs within distance T , i.e., S.
• Derive the association probability of the NU with reference MBS (p . The average SE of downlink transmission to the NU can thus be given as
where C abs nu represents the SE of the NU in ABS mode, and C nabs nu represents the SE of the NU in NABS mode. Following a similar method, the average SE of downlink transmission to a given MU and SU can be calculated, respectively, as follows:
where C nabs mu and C nabs su represent the SE of an MU and an SU, respectively, in NABS mode, and C abs su represents the SE of an SU in ABS mode. Note that the SE of transmission to an MU will be zero for ρ m proportion of time when the MBSs are in the ABS mode. Finally, the network-wide SE of downlink transmission can be computed as (14) where C abs net and C nabs net represent the network-wide SE when MBSs are in ABS mode and NABS mode, respectively.
III. ASSOCIATION PROBABILITIES
Here, first, we derive the distribution of Q (the number of SBSs within the circular region of radius T around the NU). Then, using the theory of order statistics, we derive the distribution of the ranked distance between the NU and the SBSs within radius T . Subsequently, we evaluate the association probabilities of the NU with MBS (p 
A. Distribution of Q and Distance Between the NU and the SBSs 1) Distribution of Q:
Since Q is a discrete RV, the distribution of Q can be given by the binomial distribution as
where p is the probability that an SBS falls within distance T around the NU. To compute p, the distribution of the distance between an arbitrary SBS and NU is required. Note that the NU can be located anywhere within R m , and an arbitrary SBS can be located anywhere within R m + D l from the reference MBS, where D l = 2R m . The exact distribution of distance between the NU and an SBS that are distributed in different radii is unknown. 4 To make the framework analytically tractable, we use the following assumption, which simplifies the distribution of the distance between an arbitrary SBS and the NU (see Fig. 1 ).
Assumption: Since the NU considers SBSs only within the circular region of radius T around her, the impact of the location of the NU within R m + D l is not significant (specifically in the calculations that relate to the distance between the NU and S SBSs within distance T ). This is verified through Monte Carlo simulations in Fig. 2 . As such, for calculations related to the distance between the NU and S SBSs, we assume that the NU is located at the origin. Thus, the exact distance distribution between an NU and an arbitrary SBS (fr s (r s )) is approximated as
2 , where 0 ≤ r s ≤ R m +D l . Based on this assumption, we derive the value of p = F r s (T ) = P (r s ≤ T ), as follows:
The average number of SBSs within distance T can then be given as
To validate the accuracy of the considered approximation, Fig. 2 compares the approximated distribution of Q in (15) with the exact distribution obtained from the Monte Carlo simulations (in which the NU can be located anywhere within R m ). The analytical approximation corroborates the simulation results.
2) Distribution of Distance Between the NU and the SBSs:
We now derive the ranked distribution of the distance between the NU and S SBSs within distance T from the NU. By utilizing the assumption previously stated and the theory of ordered statistics, we have r (1) < · · · < r (S) , where r (1) and r (S) represent the SBS at the minimum distance and the SBS at the maximum distance from the NU, respectively. The pdf of r (s) can be defined as
Substituting f r s (r s ) and F r s (r s ), (17) can be rewritten as
Using binomial expansion, (18) can be simplified as Since 0 ≤ r (s) ≤ R m + D l , we truncate this distribution to a maximum distance of T . The truncated distribution 5 of r (s) can be described as
5 The truncated distribution is a conditional distribution that results from restricting the domain of fr (s) (r (s) ). Now, h (s) corresponding to the ranked SBS s is defined as follows:
Note that after multiplying r (s) with RV ζ s , h (s) is no longer a ranked RV.
B. Association Probabilities When the MBSs are in the NABS Mode
In the NABS mode, the MBSs operate normally and serve their associated users. In this case, the NU has opportunity to associate with either an MBS or an SBS, depending on the association probability.
1) Association With the Reference MBS:
Conditioned on h m in (8), the association probability of the NU with the nearest (i.e., reference) MBS can be derived as
where F h (s) (h (s) ) represents the cdf of h (s) and can be derived as given in Appendix B. The unconditional p nabs m can then be derived by averaging over the distribution of h m as follows: where f h m (h m ) represents the pdf of h m and can be derived as given in Appendix A. Substituting
can be solved using standard mathematical software packages.
2) Association With an SBS:
Similarly, when the MBSs are in the NABS mode, the association probability of the NU with the s ranked SBS can be derived by conditioning on h (s) as follows:
The unconditional p nabs (s) can be derived by averaging over the distribution of h (s) as follows: (25) where the pdf and the cdf of h (s) , i.e., f h (s) (h (s) ) and F h (s) (h (s) ), can be derived as given in Appendix B, and the cdf of h m , i.e., F h m (h m ), can be derived as given in Appendix A.
, and f h (s) (h (s) ), we can solve (25) using standard mathematical softwares. Fig. 3 compares the analytical and simulation results for the association probabilities of the NU considering no interference coordination (or 100% NABS mode) and two traffic load scenarios, i.e., i) λ m = λ s , S = 500 and ii) λ m ≥ λ s for (a) S = 200 and (b) S = 500. Analytical results corroborate with the simulation results. In i), the association probability of the NU is higher for MBS than the nearest SBS. This is due to the fact that with the same traffic load intensities in both tiers, the CAA scheme follows the RSP scheme. Thus, the NU is highly likely to associate with a high-power MBS. On the other hand, when λ m ≥ λ s and S = 500, the association probability of the NU with the nearest SBS turns out to be greater than the MBS. Clearly, in this case, the NU has a higher association probability with SBSs within distance T due to high traffic load in the MBS. It is, however, important to note that the association probability of the NU with an MBS turns out to be higher again if S reduces to 200. This occurs due to the small number of SBSs that are relatively far apart from the NU compared with the case when S = 500.
C. Association Probabilities When the MBSs are in the ABS Mode
In this case, the NU has only the option to associate with one of the SBSs. Thus, the association probability of the NU with the s ranked SBS can be derived by conditioning on h (s) as p h (s) ). The unconditional p abs (s) can then be derived by averaging over the distribution of h (s) as follows:
Substituting F h (s) (h (s) ) and f h (s) (h (s) ), (26) can be solved.
D. Association Probability of a Given NU
The association probability of a given NU with the SBS at rank s and the nearest MBS can then be calculated as ρ m p Fig. 4 compares the analytical and simulation results for the association probabilities of the NU with a reference MBS and S SBSs in an interference coordinated system, considering i) ρ m = 0.2 and ii) ρ m = 0.8. For ρ m = 0.2, the association probability of the NU with the nearest SBS is slightly higher than the MBS, which is different from the case of no interference coordination in Fig. 3 . For ρ m = 0.8, the association probability with the MBS further decreases. This is because, in the ABS mode, the NU has only the option to select one of SBSs. Therefore, the higher ρ m , the higher would be the chance to associate with an SBS.
IV. STATISTICS OF SIGNAL AND INTERFERENCE POWER
Here, we derive the statistics of the received signal and interference power levels at the NU when it is associated with the reference MBS or an SBS (when the MBSs are in NABS mode) or with an SBS (when the MBSs are in ABS mode).
A. Statistics of RSP 1) Association With Reference MBS:
Since the NU can associate with the reference MBS when the MBSs are in the NABS mode, the RSP at the NU from the reference MBS, i.e., γ m , is defined in (3). The mgf of γ m can be derived as [26] 
2) Association With an SBS: In both NABS and ABS modes, the NU can associate with the s th ranked SBS within distance T . In both cases, when the NU associates with the s ranked SBS, the RSP at the NU is defined as
where r (s) represents the distance between the NU and the s ranked SBS. The mgf of γ (s) can then be derived as follows:
Proof: See Appendix C.
B. Statistics of Received Interference 1) Association With the Reference MBS:
When the NU associates with the reference (i.e., nearest) MBS, the cumulative interference at the NU is given by 
The cotier interference from the neighboring MBSs is defined as
where X l is defined in (4) . The distribution of the distance r l is given in [26, eq. (5)]. Note that X l ∀ l are correlated RVs.
To avoid the complexity of correlation due to the locations of interfering MBSs, we use the approximate approach presented in [26] . We approximate r l with r w,z such that
, where (r z , θ w ) represents the polar coordinate of the NU's location from the reference MBS. The detailed approximation procedure can be found in [26] .
Conditioned on r z,w , the mgf of X l can then be written as
where Z represents the number of circular zones of equal width, and W represents the equal angular intervals. Consequently, the MGF of I co m can then be derived as follows:
Since the NU is affected more by the interference caused by nearby SBSs, we approximate the cumulative interference of all SBSs with the cumulative interference of all SBSs that are located within distance T . The effect of SBSs outside radius T is nearly negligible because of low transmission power of the SBSs, as shown in Fig. 5 . A comparison of the cdf of cumulative cross-tier interference I cr m from S and S SBSs, considering i) the exact location of the NU and that the ii) NU is located at origin (assumption), is demonstrated in Fig. 5 . It is observed that the approximation turns out to be quite accurate for small values of S because SBSs are highly likely to be located far apart, and thus, the effect of interference received from SBSs beyond T is negligible. On the other hand, with increasing S , the impact of interference received from S − S SBSs becomes slightly more dominant. However, this approximation reduces the computational complexity significantly without affecting the SE of transmission, as will be shown later.
The mgf of I cr m from S SBSs within distance T can then be derived as follows:
where M γ (s) (t) is given in (29).
2) Association With an SBS:
The NU can associate with an SBS when the MBSs are in either NABS mode or ABS mode. Therefore, we derive the mgf of cumulatively received interference at the NU in both modes.
In can, therefore, be given as follows:
The mgf of I co (s) (t) can be derived as
where M γ (s) (t) is given in (29). Moreover, the mgf of the cross-tier interference can be given as
where M I co m and M γ m are given in (33) and (27) , respectively. In the ABS mode of operation of the MBSs, when the NU associates with the s th ranked SBS out of S SBSs within distance T , the MGF of cumulative received interference at the NU can be defined as
where
is given in (36).
V. SPECTRAL EFFICIENCY OF DOWNLINK TRANSMISSION TO THE NEW USER
Here, we derive the SE of downlink transmission to the NU considering the NABS mode, i.e., (C nabs nu ), and the ABS mode, i.e., (C abs nu ). Finally, we compute the overall SE of transmission to the NU (C nu ).
The SE of transmission to the NU in both the NABS and ABS modes can be calculated by using the following lemma proposed in [28] :
where σ 2 is the thermal noise power of the receiver, and (·) in the subscript can be m for association with the reference MBS or (s) for association with the s ranked SBS. (·) in the superscript can be NABS (i.e., when the MBSs are in the NABS mode) or ABS (i.e., when the MBSs are in the ABS mode).
A. SE in the NABS Mode
If the NU associates with the MBS, it accesses the transmission channel with probability 1/(U m + 1). Thus, the SE (Ĉ nabs nu,m ) of transmission to the NU, conditioned on U m , can be calculated by substituting M γ m (t) from (27) 
C. SE of a Given NU
The average SE of transmission to a given NU can be computed in an interference coordinated system as follows:
VI. NETWORK-WIDE SPECTRAL EFFICIENCY OF DOWNLINK TRANSMISSION
The association of the NU with MBS/SBS degrades the channel access probability of existing MUs/SUs, respectively. As such, here, we evaluate the SE of a given MU and SU considering NU association. Recall that S SBSs are located within radius T of the NU and that (S − S) SBSs are located outside radius T . Thus, we separately evaluate i) the SE of a given SU of ranked s SBS located inside radius T , which may be affected by the association of the NU, and ii) the SE of a given SU of any arbitrary SBS outside T , which is unaffected by the NU association process. Finally, we derive the overall SE of downlink transmission.
A. SE of Transmission to a Given MU
The RSP at a given MU from its serving MBS m can be defined as given in (3) . When the MBSs are in the ABS mode, a given MU would be in the coverage hole. As such, the SE of transmission to a given MU exists only when the MBSs are in the NABS mode.
If the NU associates with the reference MBS, the channel access probability of a given MU reduces from 1/U m to 1/(U m + 1). Accordingly, conditioned on U m , the SE of transmission to a given MU can be calculated asĈ nabs nu,m /(U m + 1). On the other hand, in the NABS mode of operation of the MBSs, if the NU selects an SBS for association, the channel access probability of a given MU remains 1/U m . As defined in (39), the SE of transmission to a given MU (Ĉ nabs mu ), conditioned on U m , can be calculated by substituting M γ m (t) from (27) and M I nabs m (t) from (31) in (39). In the NABS mode, the average unconditional SE of transmission to a given MU can then be derived as follows:
The average SE of transmission to a given MU can, thus, be computed as
B. SE for a Given SU Served by an SBS Located Within Radius T
The RSP of an SU in ranked s SBS can be given as in (28) . When the NU does not associate with an SBS at rank s, the channel access probability of a given SU in s ranked SBS remains 1/U s . The SE of transmission to a given SU (Ĉ from (35) in (39). On the other hand, in the NABS mode, if the NU associates with ranked s SBS, the channel access probability of a given SU reduces to 1/(U s + 1). The SE for a given SU, conditioned on U s , can then be given asĈ nabs nu,(s) /(U s + 1). In the NABS mode, the average unconditional SE for a given SU served by ranked (s) SBS can thus be calculated as
Similarly, in ABS mode, if the NU associates with the s ranked SBS, the channel access probability of a given SU reduces to 1/(U s + 1). The SE for a given SU, conditioned on U s , can then be given asĈ abs nu,(s) /(U s + 1). On the other hand, in the ABS mode, if the NU does not associate with the s ranked SBS, the channel access probability of a given SU remains 1/U s . Conditioned on U s , the SE (C abs su i ,(s) ) can then be calculated by substituting M γ s (t) from (29) and M I abs (s) (t) from (38) in (39). In the ABS mode, the average unconditional SE for the SU can then be given as
, S. (46)
The overall SE for a given SU served by SBS s located within radius T of the NU in an interference coordinated system can thus be computed as follows:
C. SE for a Given SU Served by an SBS Located Outside Radius T
The RSP at a given SU from its serving SBS s can be defined as given in (5). When the NU associates with an MBS or ranked s SBS, the channel access probability of a given SU of an SBS outside T remains 1/U s . The mgf of γ s , i.e., M γ s (t), can be derived as given in (27) by replacing R m and P m with R s and P s . The mgf of interference received at a given SU in NABS mode and ABS mode can be derived in a similar manner as for a given NU. Conditioned on U s , the SE of a given SU (Ĉ nabs su o ,s ) in NABS mode can be derived by substituting M γ s (t) and M I nabs (s) (t) in (39). The average unconditional SE of SU in NABS mode can then be given as
Similarly, conditioned on U s , the SE of a given SU (Ĉ abs su o ,s ) can be calculated by substituting M γ s (t) and M I abs (s) (t) in (39). The average unconditional SE of SU in ABS mode can then be given as
The overall SE for a given SU served by SBS s outside radius T can be determined as follows:
D. Network-Wide SE of Downlink Transmission
Conditioning on U m and U s , in the NABS mode, the network-wide SE can be evaluated as , the average unconditional SE of network (C nabs net ) can be written as
Similarly, conditioned on U m and U s , the network-wide SE in ABS mode can be evaluated as
Substituting C abs su i and C abs su o ,s , the average unconditional network-wide SE of downlink transmission can be written as The average network-wide SE of downlink transmission can then be computed as
VII. NUMERICAL RESULTS AND DISCUSSION
This section presents numerical results on the SE for NU, MU, and SU considering different user association schemes in the absence and presence of interference coordination. We start with no-interference-coordination scenarios and gradually move on to analyze the impact of adopting interference coordination on the SE performance for the NU, MU, and SU as a function of network design parameters.
In Monte Carlo simulations, we consider seven circular macrocells, i.e., M = 7 and S = 200 small cells arbitrarily deployed in the R m +D l region. We consider generalized-K composite shadowing and fading, i.e., f χ (χ) ≈ K G (4, 3/4, 2) ≈ Gamma (0.5, 3.8), i.e., K G (4, 3/4, 2) is a product of fading η m ∼ Gamma (3/4, 4/3) and shadowing ξ m ∼ Gamma (4, 2, 2 ) is a product of fading η s ∼ Gamma (2, 1/2) and shadowing ξ s ∼ Gamma (1, 2) . The coverage radii of an MBS and an SBS are R m = 300 m and R s = 50 m, respectively. We set T = 100 m; path-loss exponent β = 2.0; thermal noise power density σ 2 = 1 × 10 −10 W/Hz; transmission power of an MBS and an SBS as P m = 10 W and P s = 0.1 W, respectively; and bias b = 5 dBW [18] . Fig. 6 considers a two-tier cellular network that comprises ten small cells. First, the initial traffic loads of different BSs are generated. A large number of NUs (250 NUs) are then assumed to be entering into the system who become associated to different BSs, depending on the user association schemes (i.e., CAA, RSP, and BRSP). The impact of different user association schemes on the network traffic load is then analyzed by characterizing the final traffic Fig. 7 . SE of downlink transmission to the NU with increase in small-cell user intensity (λs) for different user association schemes (for ρm = 0). load of each BS. It can be observed that RSP-based association allows more users to associate with the reference MBS due to its high transmission power. On the other hand, the BRSP-based association tends to balance the traffic loads of the SBSs and the MBS. Finally, the traffic load balancing accomplished by the CAA scheme between the MBS and the SBSs is observed to be in between the two extremes of traditional-BRSP-and RSPbased association schemes.
A. Results: No Interference Coordination
1) Traffic Load Balancing:
2) SE as a Function of λ m and λ s : Fig. 7 demonstrates the degradation in SE with increasing λ s and λ m . This degradation is due to a decrease in channel access probability with MBS and SBSs. The derived expressions closely follow the Monte Carlo simulations, and the impact of the approximation is also observed to be minimal. For small values of λ m , the gains with CAA association are significantly higher than those with BRSPbased association because the NU can select the nearest MBS due to its high signal power and channel access probability. With BRSP-based association, the NU is forcefully pushed to low-power SBSs, and the presence of strong macro interference further deteriorates the SE performance. For high λ m , the performance gains with CAA over BRSP are still evident. This is due to the fact that CAA allows the NU to associate with an SBS having high channel access probability as well as high signal power. On the other hand, BRSP-based association does not distinguish different small cells based on their traffic loads.
B. Results: Interference Coordination
1) Impact of ρ m on SE: Fig. 8 shows the impact of increasing the number of SBSs (S ) on the SE of transmission to the NU. With increasing S , the cotier interference increases, which degrades the SE for the NU. Fig. 8 comparatively analyzes the CAA-, RSP-, and BRSP-based user association schemes, considering ρ m = 1 and ρ m = 0. For both cases, the performance gains of CAA over RSP and BRSP are significant. However, when ρ m = 0, the RSP scheme tends to select the MBS due to high transmit power, and the BRSP scheme selects SBSs without considering their traffic load conditions. Thus, the performance loss of RSP relative to BRSP-based association is intuitive due to high traffic load intensity of the MBS. On the other hand, with ρ m = 1, RSP-based association performs similarly to BRSP-based association. This is due to the fact that both schemes allow association with the SBSs irrespective of their traffic loads. Fig. 9 demonstrates the impact of the number of SBSs on the downlink SE of transmission to the MU and SU. With increasing S , the interference from the small-cell tier increases, which decreases the SE performance of the MU and SU. The SE of the SU is high compared with that of the MU. This is due to the low traffic load of SBSs, which, in turn, provide high channel access probability to the SUs. On the other hand, the high traffic load of MBS and small tier interference lower down the SE of MU. With interference coordination, the SE improvements of the SU can be observed up to a certain point. It happens due to the reduction in cross-tier interference. After a certain point, the benefit obtained with interference coordination at the MBS is nullified with the cotier interference, and the SE of the SU with and without interference coordination becomes similar.
2) Selecting ρ m as a Function of Traffic Load Intensities: Fig. 10(a) and (b) shows the effect of increasing λ m on the SE for the NU. The SE decreases as λ m increases due to reduced channel access probability with the MBS. This reduction is, however, less for high values of ρ m , in which case the NU associates with an SBS with high probability.
For small values of λ m , the higher SE gains can be obtained with small values of ρ m . This is due to the fact that the benefit achieved by the NU from the reference MBS (i.e., high channel access probability) in CAA-based association outweighs the need for interference mitigation. On the other hand, for large values of λ m , high SE gains can be achieved by selecting large values of ρ m . It happens because the NU is highly likely to associate with an SBS due to high channel access probability, and thus, the need for reduced cross-tier interference becomes crucial. Finally, it can be observed that setting low values of the ABS at the MBS become more beneficial for the NU as the traffic load intensity λ s of the SBSs increases. This is due to the fact that, in this case, the NU will prefer to associate with the reference MBS again due to high transmit power and can benefit more from low ABS durations. As such, the fraction of ABS ρ m needs to be carefully designed according to the traffic load intensities λ m and λ s of different tiers. Fig. 11 (a) and (b) demonstrates the impact of bias values on the SE for the NU with CAA-, RSP-, and BRSP-based association schemes. It is intuitive that the SE performance for the NU with RSP and CAA is independent of the bias. Moreover, with the bias value of 1, the performance of the NU with BRSP is the same as with RSP, which is self-explanatory. The performance of the NU with BRSP over RSP-based association increases with an increasing bias value up to a certain point due to increasing opportunity of selecting an SBS with high channel access probability. A further increase in the bias value degrades the SE performance of the NU due to the high probability of excluding the reference MBS from the association process. Moreover, with no interference coordination (ρ m = 0), significant gains of BRSP over RSP can be achieved at optimal bias values. However, as ρ m increases, the performance of RSPand BRSP-based association schemes tend to become the same. Finally, it can be observed that for high traffic load of MBS, the performance gains of BRSP-based association remain always higher over RSP-based association regardless of the selected bias value. This is due to the minimal benefits from associating with a highly congested MBS with the RSP-based association scheme.
It can be concluded that the performance gains of BRSP compared with those of RSP are highly dependent on the bias values, and selection of the optimal bias value is extremely important to achieve useful gains. Nevertheless, even with the optimal bias selection, the CAA scheme outperforms the BRSP scheme. This fact highlights the importance of adopting per-BS biasing rather than per-tier biasing as well as per-tier and per-BS traffic load modeling. Fig. 12 shows the effect of introducing ABS on the downlink SE of transmission to the NU. It is interesting to note that introducing ABS is beneficial for the NU when the reference MBS is highly congested. In this case, the NU can get better SE from SBSs with interference coordination. On the other hand, if the traffic load intensity is low at the reference MBS, it is not beneficial to perform interference coordination from the perspective of newly arriving users. The same conclusion can also be derived in Fig. 10 . Note that the reverse is true from the perspective of already-associated MUs. Therefore, the interference coordination factor ρ m can be selected, depending on the number of newly arriving user NUs and the alreadyassociated MUs.
Finally, Fig. 13 analyzes the impact of interference coordination on the SE of downlink transmission to the MU and SU. The SE of a given SU increases with increasing ρ m due to the reduction in cochannel cross-tier interference. However, the SE of a given MU decreases by increasing ρ m due to prolonged coverage hole durations. The fairness between MU and SU can be provided by carefully selecting the value of ρ m , which is 0.5 for λ m = 2 and 0.1 for λ m = 5. At very high values of λ m , there is no value at which fairness can be provided. Nevertheless, since the density of SBSs is generally much higher compared with that of MBSs, interference coordination at MBSs can protect a large number of SUs from severe cross-tier interference, which, in turn, enhance the overall network-wide SE of downlink transmission.
VIII. SUMMARY AND CONCLUSION
We have developed a tractable mathematical framework to characterize the SE of downlink transmission to a user who associates with a BS using the proposed CAA scheme. The framework characterizes the impact of ABS-based interference coordination in a macrocell tier on the performance of the proposed CAA scheme, as well as BRSP and RSP schemes. It has been shown that the performance gains of BRSP, compared with those of RSP, are highly dependent on the bias values, and selection of optimal bias is extremely important to achieve useful gains. Nevertheless, even with the optimal bias selection, the CAA scheme outperforms the BRSP scheme. This fact highlights the importance of adopting per-BS biasing rather than per-tier biasing. Numerical results highlight that the fraction of ABS (ρ m ) needs to be carefully designed according to the traffic load intensities λ m and λ s of the two network tiers.
From the perspective of newly arriving users, small values of ρ m are feasible when λ m < λ s . On the other hand, the reverse is true when λ m ≥ λ s . Conversely, from the perspective of macrocell users, more coverage holes are expected with the increase in ρ m , which is not feasible at high values of λ m . Therefore, depending on the number of newly arriving users and the already-associated macrocell users, interference coordination factor ρ m can be selected. Finally, since the density of SBSs is generally much higher compared with MBS, high values of ρ m can protect a large number of small-cell users from severe cross-tier interference, which, in turn, enhance the overall network SE significantly. The fairness between macro users and small-cell users can also be provided by carefully selecting the value of ρ m .
APPENDIX A PDF AND CDF OF h m
The location of the NU is taken as uniformly distributed in the reference macrocell region. On the other hand, the MUs and SUs are uniformly distributed within their corresponding macrocell and small-cell coverage area, respectively. Since the NU is uniformly distributed in a reference macrocell, the pdf of r m is given by
The pdf of h m can be derived by conditioning on r m and U m in (8) 
